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,Q WKH FROODERUDWLYH UHVHDUFK SURMHFW 6)%
7UDQVUHJLR DQ H[WUXVLRQ SURFHVV IRU FRPSRVLWH
VHFWLRQV LV EHLQJ LQYHVWLJDWHG 2QH DSSOLFDWLRQ LV WKH
LQWHJUDWLRQ RI VWHHO ZLUHV DV UHLQIRUFHPHQW WR DQ
DOXPLQXP PDWUL[ RI H[WUXGHG VHFWLRQV %\ LQWURGXFLQJ
WKH ZLUHV PHFKDQLFDO SURSHUWLHV VXFK DV VWLIIQHVV DQG
VWUHQJWK FDQ EH DGMXVWHG ORFDOO\ DOORZLQJ IRU WDLORUHG
UHLQIRUFHPHQWV )RU DQ DSSOLFDWLRQ RI WKH PDWHULDO LQ
ORDGEHDULQJ VWUXFWXUHV LWV RUWKRWURSLF VWLIIQHVV DQG
VWUHQJWKV PXVW EH NQRZQ 6WLIIQHVV DQG VWUHQJWK DUH
DIIHFWHGE\WKHUPDOO\LQGXFHGUHVLGXDOVWUHVVHVWKDWDULVH
E\ MRLQLQJ VWHHO ZLUHV DQG DOXPLQXP PDWUL[ DW KLJK
WHPSHUDWXUHVDQGKDYHWREHWDNHQLQWRDFFRXQW
,Q WKH VHFRQG FKDSWHU WKH PHFKDQLFDO SURSHUWLHV RI
VWHHOZLUHUHLQIRUFHGDOXPLQXPVKRZQLQ)LJXUHDUH
GLVFXVVHG IRU D ZLUH FRQWHQW RI  ZLWK UHVSHFW WR
UHVLGXDOVWUHVVHV)RUHIILFLHQWFRPSXWDWLRQDODQDO\VLVD
KRPRJHQL]HGVKHOOPRGHORIWKHPDWHULDOLVSUHVHQWHG
8VLQJKLJKVWUHQJWKVWHHOZLUHVDVUHLQIRUFHPHQWVRID
GXFWLOHDOXPLQXPPDWUL[WKHUHLQIRUFHGDOXPLQXPRIIHUV
VLJQLILFDQWO\ LQFUHDVHG VWUHQJWK LQ ZLUH GLUHFWLRQ ZKLOH
PDLQWDLQLQJJRRGGXFWLOLW\7KLV DVSHFW VKRZVSRWHQWLDO
IRU WKHDSSOLFDWLRQLQFUDVKHQHUJ\DEVRUELQJVWUXFWXUHV
$PDWHULDO PRGHO LQFOXGLQJ WKH GHVFULSWLRQ RIPDWHULDO
IUDFWXUH LV GHULYHG DQG WHVWHG LQ D WKUHHSRLQW EHQGLQJ
WHVWRIUHLQIRUFHGUHFWDQJXODUVHFWLRQV)LJXUH


)LJ+\EULGPDWHULDOZLWKZLUHYROXPHFRQWHQWRI
7KHUPRHODVWLFSURSHUWLHVRIVWHHOZLUHUHLQIRUFHG
DOXPLQXP
7KH HODVWLF SURSHUWLHV RI VWHHO ZLUH UHLQIRUFHG
DOXPLQXP DUH VWURQJO\ LQIOXHQFHG E\ WKH ZLUHV 7KH
ZLUHV KDYH D VWLIIHQLQJ HIIHFW DOWKRXJK WKH\ LQWURGXFH
UHVLGXDO VWUHVVHV GXH WR D GLIIHUHQFH LQ FRHIILFLHQWV RI
WKHUPDO H[SDQVLRQ &7( 6LPXODWLRQV RI WKH PDWHULDO
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VXEMHFWHG WR D WKHUPDO ORDG DV LQ WKH H[WUXVLRQ SURFHVV
IROORZHG E\ D PHFKDQLFDO ORDGLQJ DOORZ IRU DQ
DVVHVVPHQWRIVWLIIQHVVDQG\LHOGVWUHQJWKZLWKUHVSHFWWR
UHVLGXDO VWUHVVHV 7KLVPHWKRGRORJ\ LV GHVFULEHG LQ WKH
IROORZLQJDQGYHULILHGZLWKH[SHULPHQWV
2.1. Thermo-elastic properties of the constituents 
$VDQLQSXWIRUDQDO\VHVWKHHODVWLFSURSHUWLHVDQGWKH
&7( RI DOXPLQXP PDWUL[ DQG VWHHO ZLUH DUH QHHGHG
([HPSODU\ D GXFWLOH DOXPLQXP DOOR\ (1$: 
DQGKLJKVWUHQJWKVWHHOZLUHV;&U1LDUHFKRVHQ
0DWUL[ DQGZLUHZHUH WHVWHG LQ WHQVLOH WHVWV JLYLQJ WKH
HODVWLF SURSHUWLHV OLVWHG LQ 7DEOH  )RU WKDW WHVW
VSHFLPHQV IRU WKH DOXPLQXP PDWUL[ ZHUH FXW IURP
H[WUXGHGIODWEDUVKDYLQJWKHVDPHJHRPHWU\DQGWHPSHU
FRQGLWLRQ )DV WKH UHLQIRUFHGEDUVPHDQLQJ WKDWQR
VSHFLDOWHPSHULQJZDVSHUIRUPHG
7DEOH3URSHUWLHVRIDOXPLQXPPDWUL[DQGVWHHOZLUH
3URSHUW\ 6WHHOZLUH $OXPLQXP
<RXQJVPRGXOXV(LQ03D  
3RLVVRQVUDWLR  
<LHOGVWUHQJWK5SLQ03D  
7HQVLOHVWUHQJWK5PLQ03D  

7KH &7( ZHUH GHWHUPLQHG LQ D GLODWRPHWHU XS WR D
WHPSHUDWXUHRI&$OWKRXJKWKLVLVPXFKORZHUWKDQ
WKH H[WUXVLRQ WHPSHUDWXUHV «& LW LV FORVH WR
WKH 'HE\H WHPSHUDWXUH ZKHUH WKH &7( VDWXUDWHV WR D
FRQVWDQWYDOXH7KHGHWHUPLQHGPHDQYDOXHVRIWKH&7(
IRUWKHSURFHVVLQJWHPSHUDWXUHLQWHUYDODUHDVIROORZV
x &7(VWHHOZLUH    .
x &7(DOXPLQXPPDWUL[   .
2.2. Influence of thermally induced residual stresses on 
stiffness and yield strength 
,Q RUGHU WR DVVHVV WKH HIIHFW RI UHVLGXDO VWUHVVHV RQ
VWLIIQHVV DQG \LHOG VWUHQJWK ILQLWH HOHPHQW VLPXODWLRQV
DUH FDUULHG RXW ,Q D ILUVW VWHS D VLPXODWLRQPRGHO RI D
IODW EDU RI WKH K\EULG PDWHULDO LV FRROHG GRZQ ZLWK D
KRPRJHQHRXV GHFUHDVH LQ WHPSHUDWXUH ǻ7 VLPXODWLQJ
FRROLQJDIWHUH[WUXVLRQ,QDVHFRQGVWHSDWHQVLOHWHVWRI
WKH EDUZLWK LQKHUHQW UHVLGXDO VWUHVVHV LV VLPXODWHG %\
FRPSDULQJ VLPXODWHGDQGH[SHULPHQWDO IRUFHHORQJDWLRQ
GDWDǻ7 LVYDULHGXQWLO WKHGDWDVKRZVJRRGDJUHHPHQW
DVLQ)LJXUHD
7KH GHWHUPLQHG ǻ7 LV WKHQ UHJDUGHG DV DQ HTXLYDOHQW
FRROLQJOHDGLQJWRUHVLGXDOVWUHVVHVWKDWDUHFRPSDUDEOH
WR WKH DFWXDO UHVLGXDO VWUHVVHV LQ PDJQLWXGH DQG
GLVWULEXWLRQ)LJXUHE1HXWURQVFDWWHULQJH[SHULPHQWV
GHWHUPLQLQJWKHUHVLGXDOVWUHVVHVLQWKHDOXPLQXPPDWUL[
DJUHH ZHOO ZLWK WKH VLPXODWHG VWUHVVHV >@ :KLOVW WKH
ZLUH LV FRPSUHVVHG DW ORQJLWXGLQDO VWUHVVHV RI DERXW
03DWKHPDWUL[KDVWREHDUDKLJKWHQVLOHVWUHVVDQG
SODVWLILHVSDUWLDOO\DURXQGWKHZLUHDW03D
7KH H[HPSODU\ IRUFHHORQJDWLRQ FXUYH IURP WHQVLOH
WHVWV LQ )LJXUH D VKRZV WKUHH GLVWLQFW UHJLRQV ,Q
UHJLRQ,ZLUHDQGPDWUL[GHIRUPHODVWLFDOO\,QUHJLRQ,,
WKH PDWUL[ SODVWLILHV ZLWK WKH ZLUH VWLOO EHKDYLQJ
HODVWLFDOO\ ,Q UHJLRQ ,,, ZLUH DQG PDWUL[ ERWK GHIRUP
SODVWLFDOO\ 7DNLQJ UHVLGXDO VWUHVVHV LQWR DFFRXQW WKH
VLPXODWHG IRUFHHORQJDWLRQFXUYHPDWFKHVZHOOZLWK WKH
H[SHULPHQWDO RQH ZLWK ǻ7 . 7KH HTXLYDOHQW
FRROLQJ LV ORZHU WKDQ WKH DFWXDO FRROLQJ ǻ7§&
EHFDXVH ORZHU PDWHULDO VWUHQJWKV DW KLJK WHPSHUDWXUHV
DUH QRW FRQVLGHUHG&RPSDULQJ WKH H[SHULPHQWDO VWUHVV
VWUDLQFXUYHWRDVLPXODWHGRQHZLWKRXWUHVLGXDOVWUHVVHV
VKRZV WKDWRQFHPDWUL[DQGZLUHEHKDYHSODVWLFDOO\ WKH
UHVLGXDO VWUHVVHV DUH UHOHDVHG DQG UHJLRQ ,,, LV DOPRVW
XQDIIHFWHG

)LJD(IIHFWRIUHVLGXDOVWUHVVHVRQWKHPDWHULDOVVWUDLQKDUGHQLQJ
E6WUHVVGLVWULEXWLRQDURXQGWKHZLUH
2.3. Homogenization approaches for wire reinforced 
aluminum 
7KHPHFKDQLFDOSURSHUWLHVRIZLUHUHLQIRUFHGDOXPLQXP
DUHJOREDOO\DQLVRWURSLFDQGORFDOO\LQKRPRJHQHRXV'XH
WR WKH LQKRPRJHQHLW\ DQG D WKUHHGLPHQVLRQDO VWUHVV
VWDWH DURXQG WKH ZLUHV RQO\ D VLPXODWLRQ PRGHO ZLWK
ERWKZLUH DQGPDWUL[ GLVFUHWL]HGZLWK YROXPH HOHPHQWV
DOORZV IRU PLFURPHFKDQLFDO DQDO\VLV +RZHYHU RQ D
VWUXFWXUDO OHYHO LQIRUPDWLRQ RQ VWUXFWXUDO VWLIIQHVV DQG
VWUHQJWKGRQRWUHTXLUHDGHWDLOHGPRGHOLQJ0RGHOVZLWK
GLIIHUHQW OHYHOV RI DUH DV IROORZV LQ RUGHU RI
FRPSXWDWLRQDOHIILFLHQF\
 6KHOOEHDPPRGHO
 +RPRJHQL]HGVKHOOPRGHO
 +RPRJHQL]HGEHDPPRGHO
2.4. Failure model for the homogenized-shell-model 
)RU VWUXFWXUDO VWUHQJWK DQDO\VLV WKH WUDQVLWLRQ IURP
HODVWLFWRSODVWLFEHKDYLRULVRQHFULWHULRQIRUIDLOXUH
7KHUHDVRQVIRUSODVWLFPDWHULDOEHKDYLRUDUHKHUH
x 3ODVWLILFDWLRQRIWKHPDWUL[0RGH
x 3ODVWLILFDWLRQRIWKHZLUH0RGH
x 'HERQGLQJRIWKHZLUH0RGH
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$ PRGHEDVHG IDLOXUH FULWHULRQ WDNLQJ LQWR DFFRXQW
WKHVH IDLOXUHPRGHVKDVEHHQGHYHORSHG>@'HSHQGLQJ
RQ WKH PHFKDQLFDO SURSHUWLHV RI ZLUH PDWUL[ DQG
LQWHUIDFH GLIIHUHQW PRGHV FDQ LQLWLDWH IDLOXUH 0RGH 
IDLOXUH IRU DQ LVRWURSLFPDWUL[ FDQ EH VLPSO\ GHVFULEHG
E\ WKH YRQ 0LVHV \LHOG FULWHULRQ :LWK WKH LQKHUHQW
UHVLGXDO VWUHVVHV WKH PDWUL[ LV SUHVWUHVVHG OHDGLQJ WR
RUWKRWURSLF VWUHQJWKV $SSUR[LPDWLQJ WKH RUWKRWURSLF
\LHOG VWUHQJWKV WKH 7VDL+LOO \LHOG FULWHULRQ >@ ZDV
FKRVHQIRUWKHGHVFULSWLRQRIPDWUL[IDLOXUHDQGWKHHIIRUW
LVDVIROORZV
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$V WKH IDLOXUH PRGHV GHVFULEH WKH RQVHW RI SODVWLFLW\
WKHUH LVDSSDUHQWO\QRLQWHUDFWLRQEHWZHHQWKHPDQGWKH
FRPSOHWHIDLOXUHFULWHULRQLV
 InterfaceEffwireEffmatrixEfftotalEff PD[  
6WUDLQKDUGHQLQJDQGIUDFWXUHRIVWHHOZLUH
UHLQIRUFHGDOXPLQXP
)RU KLJK SODVWLF VWUDLQV İS! DV W\SLFDOO\ RFFXUULQJ
GXULQJ LPSDFW SURFHVVHV UHVLGXDO VWUHVVHV SOD\ RQO\ D
PLQRU UROH $ KLJK HQHUJ\ DEVRUSWLRQ FDQ EH UHDFKHG
ZLWKKLJKIORZVWUHVVHV'XHWRWKHKLJK\LHOGVWUHQJWKRI
WKHZLUHV WKH IORZVWUHVVHVRI WKH UHLQIRUFHGDOXPLQXP
LQ ZLUH GLUHFWLRQ DUH LQFUHDVHG VLJQLILFDQWO\ DOUHDG\ DW
ORZZLUHYROXPHFRQWHQWV>@5DGLDOO\VXSSRUWHGE\WKH
DOXPLQXPPDWUL[QHFNLQJLVSRVWSRQHGDQGORZIUDFWXUH
VWUDLQV İI  RI WKH ZLUHV DUH LQFUHDVHG WR D[LDO
VWUDLQVRIDERXW,QFUHDVHGIORZVWUHVVHVPDNHVVWHHO
ZLUH UHLQIRUFHG DOXPLQXP LQWHUHVWLQJ IRU HQHUJ\
DEVRUSWLRQ IRU ORDG FDVHV ZLWK GRPLQDWLQJ WHQVLRQ LQ
ZLUHGLUHFWLRQ$VWKHVWUDLQKDUGHQLQJLQIRUPDWLRQIURP
WHQVLOH WHVWV LV OLPLWHG WR WKH XOWLPDWH VWUDLQ DW QHFNLQJ
FD  IRU WKHZLUH  IRU WKH DOXPLQXPPDWUL[
VWUDLQKDUGHQLQJGDWDKDVWREHH[WUDSRODWHG
3.1. Extrapolation of the material´s strain hardening 
$Q H[WUDSRODWLRQ IXQFWLRQ RIIHULQJ D VDWXUDWLRQ VWUHVV
VKRXOG EH FKRVHQ DV WKH VWUDLQ KDUGHQLQJ IXQFWLRQ RI
PRVWDOXPLQXPDOOR\VLVNQRZQWRVDWXUDWH$JRRGILWWR
WKH H[SHULPHQWDO GDWD LV REWDLQHG XVLQJ WKH +RFNHWW
6KHUE\IXQFWLRQ>@)LJXUH
ı\ LV WKHXQLD[LDO\LHOG VWUHQJWKı6SDQG1DUH ILWWLQJ
SDUDPHWHUV
    pNyss HVVVV  H[S   
7KHTXDOLW\RIWKHH[WUDSRODWHGVWUDLQKDUGHQLQJFXUYH
FDQEHLPSURYHGE\LQWURGXFLQJ&RQVLGqUHVFULWHULRQ>@
WRWKHILWWLQJSURFHGXUH&RQVLGqUHVFULWHULRQVWDWHVWKDW
QHFNLQJLQXQLD[LDOWHQVLRQVHWVLQDWPD[LPXPIRUFHDQG
WKXV SURYLGHV DGGLWLRQDO NQRZOHGJH WR WKH ILWWLQJ
SURFHGXUH 7UDQVODWHG LQWR WKH UHJLPH RI WUXH VWUHVVHV
DQGWUXHVWUDLQV&RQVLGqUHVFULWHULRQLV
 uud
d
HVHHH
V
  _     
7KLV FDQ EH LQWURGXFHG WR WKH ILWWLQJ DV D VHW RI WZR
FRQVWUDLQWV
  _ d GHVHHH
V
u
fit
ud
fitd
  
    
H[S d GHVHV u
fit
u    
&RQVWUDLQWHQVXUHVWKDWDWWKHSRLQWRIXOWLPDWHVWUDLQ
&RQVLGqUHVFULWHULRQLVIXOILOOHGZLWKLQDFHUWDLQOLPLWį
&RQVWUDLQW  HQVXUHV WKDW WKH XOWLPDWH VWUHVV RI WKH
ILWWHG IXQFWLRQ HTXDOV WKH H[SHULPHQWDO XOWLPDWH VWUHVV
ZLWKLQ WKH OLPLW į 7HQVLOH WHVWV RI WKH KLJKVWUHQJWK
VWHHO ZLUHV ZHUH SHUIRUPHG JLYLQJ YDOXHV RI 7DEOH 
'XHWRORZSODVWLFKDUGHQLQJFDSDELOLWLHVLWLVUHDVRQDEOH
WRPRGHOWKHZLUHDVHODVWLFSHUIHFWO\SODVWLF
3.2. Strain rate hardening 
'XULQJLPSDFWSURFHVVHVVWUDLQUDWHVLQKLJKO\ORDGHG
UHJLRQV FDQ EH DV KLJK DV VHYHUDO H   V ,I D
PDWHULDOH[KLELWVDVWUDLQUDWHVHQVLWLYHVWUDLQKDUGHQLQJ
WKLV KDV D QRQQHJOLJLEOH LQIOXHQFH RQ WKH VWUXFWXUDO
UHVSRQVH +RZHYHU PRVW DOXPLQXP DOOR\V RQO\ VKRZ
OLWWOHVWUDLQUDWHVHQVLWLYLW\ZKLFKFDQRIWHQEHQHJOHFWHG
$VLPLODUDOXPLQXPDOOR\(1$:7ZDVWHVWHG
LQDKLJKVSHHGWHQVLOHWHVWLQJPDFKLQHDWGLIIHUHQWVWUDLQ
UDWHV GRQH E\ ,$0±.DUOVUXKHU ,QVWLWXW IU
7HFKQRORJLH 7KH VWUDLQ KDUGHQLQJ FXUYHV LQ )LJXUH 
FRQILUP D VPDOO VWUDLQ UDWH GHSHQGHQFH ZKLFK LV
FRQVLGHUHGQHJOLJLEOHIRUIXUWKHUUHVHDUFK
([SHULPHQWDOGDWDIRUVWHHOZLUHV LVQRWDYDLODEOHIRU
KLJKVWUDLQUDWHV+RZHYHUWHVWVRIVLPLODUKLJKVWUHQJWK
VWHHODOOR\VVXJJHVWWKDWVWUDLQUDWHHIIHFWVDUHVPDOODQG
FDQDOVREHQHJOHFWHG>@
0RGHOLQJRIIDLOXUHDQGIUDFWXUH
0RGHOLQJ WKH PDWHULDOV IDLOXUH DQG IUDFWXUH WKH
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
IRUPLQJ OLPLWV RI WKHPDWUL[ DUH XVHG DV D FULWHULRQ IRU
RQVHW QHFNLQJ DV GXFWLOH IDLOXUH ,Q RUGHU WR DOVR FRYHU
VKHDU GRPLQDWHG IUDFWXUH WKH PD[LPXP VKHDU VWUHVV
FULWHULRQLVXVHG)RUWKHWKLQZLUHVZLWKPRVWO\XQLD[LDO
WHQVLRQ VWUHVVHV D PD[LPXP VWUDLQ FULWHULRQ LV XVHG
$OVR IDLOXUH RI WKH LQWHUIDFH HJ ZLUH GHERQGLQJ FDQ
DFFHOHUDWHWKHIUDFWXUHSURFHVVDQGQHHGVWREHDVVHVVHG

)LJ6WUDLQUDWHGHSHQGHQWVWUDLQKDUGHQLQJRI(1$:7

4.1 Fracture model for the aluminum matrix based on 
forming limits and the maximum shear stress criterion 
 
6WUDLQ VWDWHGHSHQGHQW IRUPLQJ OLPLWVDUHGHWHUPLQHG
ZLWKDVLPXODWLRQPRGHORIDQDOXPLQXPVKHHWZKLFKLV
VWUHWFKHG DW GLIIHUHQW JOREDO VWUDLQ UDWLRV )LJXUH 
1HFNLQJLVGHWHUPLQHGRQFHWKHPD[LPXPVWUDLQUDWHLQ
WKLFNQHVV GLUHFWLRQ LQ WKHPRGHO H[FHHGV WKHPLQLPXP
VWUDLQUDWHE\DIDFWRUEHWD
PLQ
PD[
H
H
E


      
&KRRVLQJ WKH YDOXH IRU EHWD WRR KLJK UHVXOWV LQ
RYHUSUHGLFWHGIRUPLQJOLPLWVFKRRVLQJEHWDWRRFORVHWR
XQLW\ VPDOO VWUDLQ UDWH IOXFWXDWLRQV LQ WKH PRGHO DUH
PLVLQWHUSUHWHG DV QHFNLQJ :LWK EHWD  QHFNLQJ ZDV
GHWHUPLQHGVKRUWO\DIWHURQVHW
)RUPLQJOLPLWVIXUWKHUPDLQO\GHSHQGRQ
x 6WUDLQKDUGHQLQJ
x <LHOGIXQFWLRQ
x 0DWHULDODQGJHRPHWULFLPSHUIHFWLRQV

7KH ILWWHG +RFNHWW6KHUE\ VWUDLQ KDUGHQLQJ IXQFWLRQ
LVXVHGIRUWKHPDWHULDOPRGHO$VLWZDVQRWSRVVLEOHWR
DVVHVV WKH RUWKRWURSLF \LHOG EHKDYLRU RI WKH UHLQIRUFHG
DOXPLQXP PDWUL[ H[SHULPHQWDOO\ DQ LVRWURSLF \LHOG
EHKDYLRURI WKHPDWUL[KDG WREHDVVXPHG)RU WKLV WKH
LVRWURSLF +HUVKH\ \LHOG IXQFWLRQ LV FKRVHQ DV WKH YRQ
0LVHV \LHOG FULWHULRQ LV NQRZQ WR RYHUSUHGLFW WKH
IRUPLQJ OLPLWV PDLQO\ DW ELD[LDO VWUDLQ VWDWHV 7KH
+HUVKH\\LHOGIXQFWLRQLV>@
y
mmm
VVVVVVV    ) 
7KH\LHOGH[SRQHQWPLVUHODWHGWRWKHODWWLFHVWUXFWXUH
DQGLVFKRVHQDVP IRUIDFHFHQWHUHGFXELFDOXPLQXP
0DWHULDO DQGJHRPHWULF LPSHUIHFWLRQV DUHPRGHOHG DV D
VWDWLVWLFDO YDULDWLRQ RI WKH VKHHW WKLFNQHVV IROORZLQJ D
*DXVVLDQ GLVWULEXWLRQ ZKLFK ZDV ILUVW VXJJHVWHG E\
/DGHPR >@ 7KH PDJQLWXGH RI WKH GLIIHUHQFH LQ VKHHW
WKLFNQHVVǻWLVFDOLEUDWHGDFFRUGLQJWRWKHQHFNLQJVWUDLQ
IURP XQLD[LDO WHQVLOH WHVW JLYLQJ ǻW W 7KH
VWDQGDUG GHYLDWLRQ ı LV FKRVHQ DV ı ǻW 7KH VR
GHWHUPLQHG QHFNLQJ VWUDLQV DUH VKRZQ LQ )LJXUH  DQG
DUHLPSOHPHQWHGLQWRWKHVLPXODWLRQSURJUDP/6'<1$
DV0VFKHQERUQ DQG 6RQQH IRUPLQJ OLPLWV LQ RUGHU WR
DFFRXQW IRU IDLOXUH DFFXPXODWLRQ DW QRQOLQHDU VWUDLQ
SDWKV>@

)LJXUH6LPXODWLRQPRGHOIRUWKHGHWHUPLQDWLRQRIIRUPLQJOLPLWV
VWUHWFKHGDWDJOREDOVWUDLQUDWLRRIİPLQİPDM 

)LJXUH6LPXODWHGIRUPLQJOLPLWGLDJUDPZLWKFDOLEUDWLRQSRLQWIURP
WHQVLOHWHVW

4.2 Evolution of necking failure 
 
(VSHFLDOO\ WKLFN VKHHW KDV DKLJK UHPDLQLQJ IRUPLQJ
FDSDELOLW\DIWHURQVHWRIQHFNLQJZKLFKGRHVQRWOHDGWR
VXGGHQ IUDFWXUH7KXV WKH IRUPLQJ OLPLWV DUH XVHG DV D
FULWHULRQIRURQVHWRIIDLOXUHZKLFKHYROYHVDFFRUGLQJWR
D IDLOXUH HYROXWLRQ XQWLO ILQDO IUDFWXUH 7KH DSSOLHG
IDLOXUHHYROXWLRQZDVSURSRVHGE\%RUYDOOHWDO>@DQG
LV DYDLODEOH LQ /6'<1$ $IWHU RQVHW RI IDLOXUH WKH
IDLOLQJHOHPHQWLVGHJUDGHGE\
  VV a  D     
ıLVWKHGHJUDGHGVWUHVV'WKHGDPDJHSDUDPHWHUDQG
Va LV WKH XQGDPDJHG WUXH VWUHVV 7KH GDPDJH UDWH LV
OLQNHGWRWKHSODVWLFGLVSODFHPHQWRIWKHIDLOLQJHOHPHQW
DQGHYROYHVDFFRUGLQJWR
p
fu
pl
D
H      
/HQJWK O LV WKH FKDUDFWHULVWLF HOHPHQW OHQJWK WKXV
PDNLQJ WKH IDLOXUH HYROXWLRQ HOHPHQW VL]H GHSHQGHQW
7KHXOWLPDWHSODVWLFGHIRUPDWLRQXISDIWHURQVHWRIIDLOXUH
LV FKRVHQ DV XIS  WDNLQJ LQWR DFFRXQW WKH KLJK
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
UHPDLQLQJGHIRUPDWLRQFDSDELOLW\RIWKHWKLFNDOXPLQXP
PDWUL[DIWHURQVHWRIQHFNLQJ

4.3 Maximum shear stress criterion 
'HVFULELQJ PDWHULDO IDLOXUH E\ XVLQJ IRUPLQJ OLPLWV
RQO\ FRYHUV VWUHVV VWDWHV RI WULD[LDOLWLHV LQ WKH UDQJH RI
Ș )RU ORZ WULD[LDOLWLHV IUDFWXUH LV PDLQO\
GRPLQDWHG E\ VKHDU IUDFWXUH )RU WKLV UHDVRQ WKH
PD[LPXP VKHDU VWUHVV FULWHULRQ LV FKRVHQ DV IUDFWXUH
FULWHULRQ$VVXPLQJSODQHVWUHVVFRQGLWLRQVLWLV
failW
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Į LV WKH VWUDLQ UDWLR İPLQİPDM DQG Q LV WKH+ROORPRQ
KDUGHQLQJ H[SRQHQW 7KH FDOLEUDWLRQ FRQVWDQW & LV
GHILQHG IURP WKH IUDFWXUH VWUDLQRI D VKHDU WHVWRI D IODW
VKHDU VSHFLPHQ VKRZQ LQ )LJXUH  ZKLFK SURYLGHV D
VWUHVV VWDWH FORVH WRSXUH VKHDU >@)RU VKHDU IUDFWXUH
WKH VDPH HYROXWLRQ IXQFWLRQV DUH XVHG DV IRU QHFNLQJ
IDLOXUH\HWZLWKDORZHUXOWLPDWHGHIRUPDWLRQDIWHURQVHW
RI IUDFWXUHXIS  LQRUGHU WRDFFRXQW IRUFUDFNJURZWK
WKURXJKWKHIUDFWXULQJHOHPHQW

4.4 Maximum strain criterion for the steel wires 
)RU WKLQ VWHHO ZLUHV DQG PRVWO\ WHQVLRQ LQ ZLUH
GLUHFWLRQDIUDFWXUHFULWHULRQDFFRUGLQJWRWKHPD[LPXP
SODVWLFVWUDLQLQWKHZLUHLVFKRVHQ
PD[pf HH      
7KHIUDFWXUHVWUDLQZDVWDNHQIURPWKHWHQVLOHWHVWVRI
WKHUHLQIRUFHGDOXPLQXPDV PD[  pH 


)LJXUH6KHDUVSHFLPHQDQGIUDFWXUHVWUDLQVSUHGLFWHGIURPPD[LPXP
VKHDUVWUHVVFULWHULRQDQGIURPVLPXODWHGIRUPLQJOLPLWV
4.5 Interface failure 
 
)RU IDLOXUH DQG IUDFWXUH RI WKH K\EULG PDWHULDO
LQWHUIDFH IDLOXUH FDQ EH VHYHUH (VSHFLDOO\ DW WHQVLRQ
SHUSHQGLFXODU WR WKH ZLUH GLUHFWLRQ ZLGHO\ GLIIHUHQW
VWUHQJWKV RI ZLUH DQG DOXPLQXP PDWUL[ OHDG WR HDUO\
GHERQGLQJRIWKHZLUH7KLVFUHDWHVDKROHLQWKHPDWUL[
UHGXFLQJ WKH ORDG EHDULQJ FURVVVHFWLRQ DQG SURYRNLQJ
HDUO\IUDFWXUHRIWKHPDWUL[
)RUXQLD[LDOWHQVLRQLQZLUHGLUHFWLRQWKHSODVWLFIORZ
UDWLRV RI ZLUH DQG PDWUL[ DUH HTXDO GXH WR YROXPH
FRQVHUYDWLRQ 7KXV QR QRUPDO VWUHVVHV DULVH LQ WKH
LQWHUIDFH WKDW FRXOG OHDG WR LQWHUIDFH IDLOXUH XQWLO
QHFNLQJ RI WKH PDWUL[ 3XVKRXW WHVWV VKRZHG WKDW WKH
LQWHUIDFHVVKHDUVWUHQJWKLVVXIILFLHQWHQRXJKLQRUGHUWR
XVH WKH IXOO VWUHQJWK RI WKH ZLUH >@ 0LFURJUDSKV RI
WHQVLOH VSHFLPHQV DW GLIIHUHQW HORQJDWLRQV FRQILUP WKDW
ZLUH GHERQGLQJ VWDUWV DIWHU WKH PDWUL[ EHJLQV WR
QHFN>@ VR WKDW IRU GRPLQDWLQJ WHQVLRQ LQ ZLUH
GLUHFWLRQLQWHUIDFHIDLOXUHSOD\VDPLQRUUROH 
9DOLGDWLRQRIWKHPDWHULDOPRGHO
$IWHU FDOLEUDWLQJ WKH IUDFWXUH PRGHOV WKH PDWHULDO
PRGHO LV YDOLGDWHG $V WKH PDWHULDO LV DVVXPHG DV
LQVHQVLWLYHWRDFKDQJHLQVWUDLQUDWHDTXDVLVWDWLFWKUHH
SRLQWEHQGLQJ WHVW RI D UHLQIRUFHG H[WUXGHG VHFWLRQZDV
GRQH SURYLGLQJ D FRPSOH[ VWUHVV VWDWH VXSHULPSRVLQJ
EHQGLQJDQGVKHDUORDGV$GGLWLRQDOO\DKROHZDVPLOOHG
LQWR WKH VHFWLRQV LQ WKH V\PPHWU\ OLQH RI WKH EHQGLQJ
SXQFKDVVKRZQLQ)LJXUHWULJJHULQJIUDFWXUH


)LJXUH5HLQIRUFHGVSHFLPHQIRUWKUHHSRLQWEHQGLQJ

5.1 Comparison of simulated and experimental bending 
test 
 
&RPSDULQJ H[SHULPHQWDO DQG VLPXODWHG IRUFH
GLVSODFHPHQW FXUYH LQ )LJXUH E VKRZV D JRRG
DJUHHPHQWXQWLOSHDNIRUFH$WWKLVIRUFHWKHPDWUL[KDV
WR EHDU KLJK VWUDLQV İS! VR WKDW PDWFKLQJ WKH
H[SHULPHQWDOPD[LPXPIRUFHDUJXHVIRU WKHGHWHUPLQHG
VWUDLQKDUGHQLQJH[WUDSRODWLRQ
)LJXUHDVKRZVVLPXODWHGDQGH[SHULPHQWDOSULQFLSDO
VWUDLQ LQ WKH VLGHRI WKH VHFWLRQDQG IUDFWXUHDW DSXQFK
GLVSODFHPHQW RI PP 7KH VHFWLRQV GHIRUPDWLRQ DQG
WKH VWUDLQ GLVWULEXWLRQ DJUHH UHDVRQDEO\ ZHOO <HW WKH
IUDFWXUHHYROXWLRQLVXQGHUSUHGLFWHGZLWKGXFWLOHIUDFWXUH
ILUVWUXQQLQJDORQJRQHVLGHRIWKHVHFWLRQDQGWKHVHFRQG
VLGHIUDFWXULQJ WRR ODWH7KLVUHVXOWV LQDQRYHUSUHGLFWHG
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VWUHQJWK RI WKH IUDFWXULQJ VHFWLRQ DV FDQ EH VHHQ LQ
)LJXUHE

5.2 Discussion of the modeling technique 
 
6LPXODWLQJ ZLUH UHLQIRUFHG DOXPLQXP ZLWK D VKHOO
EHDP PRGHO LV DEOH WR UHSURGXFH WKH PHFKDQLFDO
EHKDYLRU RI UHLQIRUFHG VHFWLRQV IRU WKH JLYHQ EHQGLQJ
WHVW :LWK D JRRG SUHGLFWLRQ RI PDWHULDO IUDFWXUH WKH
IUDFWXUH PRGHO EDVHG RQ VLPXODWHG IRUPLQJ OLPLWV DQG
WKHPD[LPXPVKHDUVWUHVVFULWHULRQLVVXLWDEOH
+RZHYHU WKLV PRGHOLQJ WHFKQLTXH LV OLPLWHG WR
IROORZLQJFDVHV 
x IUDFWXUHLVGRPLQDWHGE\IUDFWXUHRIWKHPDWUL[
x GHERQGLQJ RI WKHZLUHV GRHV QRW RFFXU IRU WKH
JLYHQORDGFDVHRUKDVQHJOLJLEOHLQIOXHQFH
x WKH VWUXFWXUH FDQ EH DSSUR[LPDWHG ZLWK VKHOO
HOHPHQWV
:LWK UHJDUGV WR WKHVH OLPLWDWLRQV WKH FKRVHQ
YDOLGDWLQJ H[DPSOH ZLWK PP WKLFNQHVV DQG WKH JLYHQ
VHFWLRQ GLPHQVLRQV SXWV WKH PRGHOLQJ WHFKQLTXH WR LWV
OLPLWDWLRQV+RZHYHUJRRGUHVXOWVZHUHREWDLQHG
)RUVHFWLRQVDQGORDGFDVHVZKHUHWKHDVVXPSWLRQVGR
QRW DSSO\ D VLPSOLILHG VKHOOEHDP PRGHO LV QRW YDOLG
7KHQDGHWDLOHGYROXPHPRGHOKDVWREHXVHGZKLFKDOVR
WDNHVLQWHUIDFHIDLOXUHLQWRDFFRXQW


)LJXUHD3ULQFLSDOVWUDLQGLVWULEXWLRQIURPVLPXODWLRQDQGRSWLFDO
PHDVXUHPHQWDQGIUDFWXUHDWDSXQFKGLVSODFHPHQWRIPP
E)RUFHGLVSODFHPHQWFXUYHVIURPH[SHULPHQWDQGVLPXODWLRQ
&RQFOXVLRQ
6WHHO ZLUH UHLQIRUFHG DOXPLQLXP LV D SURPLVLQJ
PDWHULDO DV LWV VWLIIQHVV DQG VWUHQJWK FDQEH YDULHG LQ D
ZLGH UDQJH RQO\ DGGLQJ OLWWOH DGGLWLRQDOPDVV E\ ORFDO
UHLQIRUFHPHQWV +RZHYHU UHVLGXDO VWUHVVHV ORZHU WKH
\LHOGVWUHQJWKRIWKHPDWHULDODQGKDYHWREHFRQVLGHUHG
IRU VWUXFWXUDO DQDO\VLV )RU WKLV SXUSRVH D VLPXODWLRQ
WHFKQLTXH IRU WKH SUHGLFWLRQ RI WKHUPDOO\ LQGXFHG
UHVLGXDO VWUHVVHV LV SUHVHQWHG +RPRJHQL]LQJ WKH
UHLQIRUFHG DOXPLQXP DQG PRGHOLQJ LW ZLWK VKHOO
HOHPHQWVDOORZVIRUHIILFLHQWVWUXFWXUDODQDO\VLV$PRGH
EDVHGIDLOXUHFULWHULRQFDQEHXVHGIRU WKHSUHGLFWLRQRI
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